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(54) METHOD FOR PRODUCING POSITIVE ELECTRODE ACTIVE MATERIAL AND NONAQUEOUS
ELECTROLYTE BATTERY USING SAME

(57) The present invention provides a positive elec-
trode active material that has rate characteristics suitable
for nonaqueous electrolyte batteries and particularly non-
aqueous electrolyte secondary batteries, a method by
which this positive electrode active material can be easily
mass produced, and a high-performance nonaqueous
electrolyte battery that has a positive electrode active
material obtained by this method.

The present invention relates to a method of produc-
ing a positive electrode active material, the method com-

prising a step of mixing a carbon source with lithium man-
ganese phosphate LiMnPO4 or a compound
LiMn1-xMxPO4 (where, 0 ≤ x < 1 and M is at least one
metal element selected from the group consisting of Co,
Ni, Fe, Zn, Cu, Ti, Sn, Zr, V, and Al) containing lithium
manganese phosphate LiMnPO4 as a solid solution com-
position, and heat treating the obtained mixture under an
inert gas atmosphere.
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Description

TECHNICAL FIELD

[0001] The present invention relates to a positive elec-
trode active material for nonaqueous electrolyte batter-
ies, to a method of producing this positive electrode ac-
tive material, and to a nonaqueous electrolyte battery
having this positive electrode active material as a con-
stituent element. More particularly, the present invention
relates to a positive electrode active material for use in
secondary batteries, for example, lithium metal batteries,
lithium ion batteries, lithium polymer batteries, and so
forth, that have an alkali metal, such as lithium metal, or
an alloy or compound thereof in the negative electrode
active material; to a method of producing this positive
electrode active material; and to a secondary battery that
has a positive electrode active material produced by this
method.

BACKGROUND ART

[0002] Secondary batteries, for example, lithium metal
batteries, lithium ion batteries, lithium polymer batteries,
and so forth, that have an alkali metal, such as lithium
metal, or an alloy or compound thereof in the negative
electrode active material, have high capacities and as a
result have been in the spotlight in recent years. A variety
of materials have been investigated as rare metal-free
positive electrode active materials for such secondary
batteries, with a view to boosting their performance and
capacity while lowering their cost. For example, Patent
document 1 describes a positive electrode active mate-
rial based on an olivine-type transition metal phosphate
complex represented by the general formula AyMPO4 (in
the formula, A is an alkali metal, M is a transition metal
comprising the combination of both Co and Fe, and 0 <
y < 2). Among transition metal phosphate complexes,
lithium manganese phosphate (LiMnPO4), in which the
alkali metal is Li and the transition metal is Mn, are known
to have a wider atomic spacing between metal elements
in the crystal structure than positive electrode active ma-
terials based on other transition metal oxides and even
among olivine-type transition metal phosphate complex-
es are known in particular to have poor rate characteris-
tics. LiMnPO4 has a theoretical capacity of approximately
170 mAh/g, or about the same as LiFePO4, but numerous
reports have indicated that its utilization ratio is much
worse than that of LiFePO4 even under low rate dis-
charge conditions (for example, Non-Patent document
1). For example, in the case of LiFePO4, there have been
efforts to improve its rate characteristics through the use
of a carbon coating (Non-Patent document 2), a noble
metal support (Non-Patent document 3), an increase in
the reaction surface area by low-temperature synthesis
microfine-sizing (Non-Patent document 4), and so forth,
and improvements in the rate characteristics have in fact
been recognized. In the case of LiMnPO4, however, there

have been no reports of a method for which a clear im-
provement in the rate characteristics has been seen.
Patent document 1: Japanese Patent No. 3,523,397
Non-Patent document 1: A. K. Padhi, K. S. Nanjundas-
wamy and J. B. Goodenough, J. Electrochem. Soc., Vol.
144, No. 4, 1188-1193 (1997)
Non-Patent document 2: Z. Chen and J. R. Dahn, J. Elec-
trochem. Soc., Vol. 149, No. 9, A1184-A1189 (2002)
Non-Patent document 3: K. S. Park, J. T. Son, H. T.
Chung, S. J. Kim, C. H. Lee, K. T. Kang and H. G. Kim,
Solid State Comm., Vol. 129, 311-314 (2004)
Non-Patent document 4: A. Yamada, S. C. Chung and
K. Hinokuma, J. Electrochem. Soc., Vol. 148, No. 3,
A224-A229 (2001)

DISCLOSURE OF THE INVENTION

PROBLEMS TO BE SOLVED BY THE INVENTION

[0003] An object of the present invention is to provide
a positive electrode active material that has rate charac-
teristics suitable for nonaqueous electrolyte batteries and
particularly nonaqueous electrolyte secondary batteries,
a method by which this positive electrode active material
can be easily mass produced, and a high-performance
nonaqueous electrolyte battery that has a positive elec-
trode active material obtained by this method.

MEANS FOR SOLVING THE PROBLEMS

[0004] The present inventors achieved the present in-
vention as a result of intensive investigations in order to
produce a positive electrode active material that would
exhibit the excellent characteristics cited above.
[0005] That is, the present invention provides the fol-
lowing.

[1] A method of producing a positive electrode active
material, the method comprising a step of mixing a
carbon source with lithium manganese phosphate
LiMnPO4 or a compound LiMn1-xMxPO4 containing
lithium manganese phosphate LiMnPO4 as a solid
solution composition (where, 0 ≤ x < 1 and M is at
least one metal element selected from the group con-
sisting of Co, Ni, Fe, Zn, Cu, Ti, Sn, Zr, V, and Al),
and heat treating the obtained mixture under an inert
gas atmosphere.
[2] The production method according to [1], wherein
the carbon source comprises at least one of carbon
particles and a carbon precursor.
[3] The production method according to [2], wherein
the carbon particles are acetylene black.
[4] A nonaqueous electrolyte battery having a posi-
tive electrode comprising positive electrode active
material produced by a method according to any of
[1] to [3].
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BRIEF DESCRIPTION OF THE DRAWINGS

[0006]

Fig. 1 is the x-ray profile of LiMnPO4 produced in
Preparative Example 1, in this case the product of a
planetary ball mill wet-type low-temperature synthe-
sis with heat treatment at 100˚C;
Fig. 2 is the x-ray profile of LiMnPO4 produced in
Preparative Example 1, in this case the product of a
planetary ball mill wet-type low-temperature synthe-
sis with heat treatment at 350˚C;
Fig. 3 is the x-ray profile of LiMnPO4 produced in
Preparative Example 1, in this case the product of a
planetary ball mill wet-type low-temperature synthe-
sis with heat treatment at 600˚C;
Fig. 4 is the x-ray profile of LiMnPO4 produced in
Preparative Example 2, in this case the product of a
stirrer-mixed wet-type low-temperature synthesis
with heat treatment at 100˚ C;
Fig. 5 is the x-ray profile of LiMnPO4 produced in
Preparative Example 2, in this case the product of a
stirrer-mixed wet-type low-temperature synthesis
with heat treatment at 350˚ C;
Fig. 6 is the x-ray profile of LiMnPO4 produced in
Preparative Example 3, in this case the product of
solid phase calcination;
Fig. 7 is the x-ray profile of LiMnPO4 produced in
Preparative Example 4, in this case the product yield-
ed by melting and slow cooling;
Fig. 8 is the x-ray profile of LiMn0.5Fe0.5PO4 pro-
duced in Preparative Example 5, in this case the
product yielded by melting and slow cooling;
Fig. 9 is a TG-MS profile that shows suitable anneal-
ing conditions in Production Example 1;
Fig. 10a is a TEM photograph, taken prior to anneal-
ing under argon for 1 hour at 500˚ C, of LiMnPO4
produced in Preparative Example 3, i.e., the solid
phase calcination product;
Fig. 10b is a TEM photograph, taken after annealing
under argon for 1 hour at 500˚C, of LiMnPO4 pro-
duced in Preparative Example 3, i.e., the solid phase
calcination product;
Fig. 11 is a diagram of the structure of a coin cell
fabricated in Example 1;
Fig. 12 is the charge-discharge profile during the first
and second cycles at room temperature for LiMnPO4
produced in Example 1, in this case the article yield-
ed by argon annealing treatment of the positive elec-
trode yielded by a planetary ball mill wet-type low-
temperature synthesis with heat treatment at 350˚C;
Fig. 13 is the discharge profile at room temperature
at various discharge current densities (in sequence
from the right: 0.1, 0.2, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0
mA/cm2) for LiMnPO4 produced in Example 1, in this
case the article yielded by argon annealing treatment
of the positive electrode yielded by a planetary ball
mill wet-type low-temperature synthesis with heat

treatment at 350˚C;
Fig. 14 shows the rate characteristic at room tem-
perature for LiMnPO4 produced in Example 1, in this
case the article yielded by argon annealing treatment
of the positive electrode yielded by a planetary ball
mill wet-type low-temperature synthesis with heat
treatment at 350˚C;
Fig. 15 shows the cycle characteristics at room tem-
perature for LiMnPO4 produced in Example 1, in this
case the article yielded by argon annealing treatment
of the positive electrode yielded by a planetary ball
mill wet-type low-temperature synthesis with heat
treatment at 350˚C; (∆: total charge capacity, O:
charge capacity at CC, ◊: charge capacity at CV, m:
discharge capacity);
Fig. 16 shows the charge-discharge profile at room
temperature for the first and second cycles for
LiMnPO4 produced in Comparative Example 1, in
this case the article yielded by omitting the argon
annealing treatment of the positive electrode yielded
by a planetary ball mill wet-type low-temperature
synthesis with heat treatment at 350˚C;
Fig. 17 shows the charge-discharge profile at room
temperature for the first and second cycles for the
article produced in Example 2a, in this case by argon
annealing treatment of the positive electrode of
LiMnPO4 synthesized by the solid phase calcination
method of Preparative Example 3;
Fig. 18 shows the discharge profile at room temper-
ature at various discharge current densities (in se-
quence from the right: 0.1, 0.2, 0.5, 1.0, 2.0, 3.0, 4.0,
5.0 mA/cm2) for the article produced in Example 2a,
in this case by argon annealing treatment of the pos-
itive electrode of LiMnPO4 synthesized by the solid
phase calcination method of Preparative Example 3;
Fig. 19 shows the charge-discharge profile at room
temperature for the first and second cycles for the
article produced in Example 2b, in this case by ni-
trogen annealing treatment of the positive electrode
of LiMnPO4 synthesized by the solid phase calcina-
tion method of Preparative Example 3;
Fig. 20 shows the charge-discharge profile at room
temperature for the first and second cycles for the
article produced in Comparative Example 2, in this
case by omitting the argon annealing treatment of
the positive electrode of LiMnPO4 synthesized by
the solid phase calcination method of Preparative
Example 3;
Fig. 21 shows a comparison of the initial discharge
profiles at room temperature of the articles produced
in Example 2a and Example 2b, in this case by argon
annealing treatment or nitrogen annealing treatment
of the positive electrode of LiMnPO4 synthesized by
the solid phase calcination method of Preparative
Example 3;
Fig. 22 shows the charge-discharge profile at room
temperature of the first and second cycles for the
article produced in Example 3, in this case by argon
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annealing treatment of the positive electrode of
LiMnPO4 synthesized by the melting/slow cooling
method of Preparative Example 4;
Fig. 23 shows the charge-discharge profile at room
temperature of the first and second cycles for the
article produced in Comparative Example 3, in this
case by omitting the argon annealing treatment of
the positive electrode of LiMnPO4 synthesized by
the melting/slow cooling method of Preparative Ex-
ample 4;
Fig. 24 shows the charge-discharge profile at 60˚C
of the first and second cycles for the article produced
in Example 4, in this case by argon annealing treat-
ment of the positive electrode of LiMnPO4 synthe-
sized by the melting/slow cooling method of Prepar-
ative Example 4;
Fig. 25 shows the charge-discharge profile at 60˚C
of the first and second cycles of the article produced
in Comparative Example 4, in this case by omitting
the argon annealing treatment of the positive elec-
trode of LiMnPO4 synthesized by the melting/slow
cooling method of Preparative Example 4;
Fig. 26 shows the charge-discharge profile at room
temperature of the first and second cycles for the
article produced in Example 5, in this case by argon
annealing treatment of the positive electrode of
LiMn0.5Fe0.5PO4 synthesized by the melting/slow
cooling method of Preparative Example 5;
Fig. 27 shows the charge-discharge profile at room
temperature of the first and second cycles for the
article produced in Comparative Example 5, in this
case by omitting the argon annealing treatment of
the positive electrode of LiMn0.5Fe0.5PO4 synthe-
sized by the melting/slow cooling method of Prepar-
ative Example 5;
Fig. 28 shows the charge-discharge profile at 60˚C
of the first and second cycles for the article produced
in Comparative Example 6, in this case by argon
annealing treatment of the positive electrode of
LiFePO4 synthesized by the solid phase calcination
method of Preparative Example 6;
Fig. 29 shows the charge-discharge profile at 60˚C
of the first and second cycles for the article produced
in Comparative Example 7, in this case by omitting
the argon annealing treatment of the positive elec-
trode of LiFePO4 synthesized by the solid phase cal-
cination method of Preparative Example 6;
Fig. 30 is a cross-sectional schematic drawing of a
battery;
Fig. 31 is a diagram that compares the initial charge-
discharge profiles of Example 6 and Comparative
Example 8;
Fig. 32 is a diagram that compares the initial charge-
discharge profiles of Example 7 and Comparative
Example 9;
Fig. 33 is a diagram that compares the initial charge-
discharge profiles of Example 8 and Comparative
Example 10; and

Fig. 34 is a diagram that compares the initial charge-
discharge profiles of Example 9 and Comparative
Example 11.

BEST MODE FOR CARRYING OUT THE INVENTION

[The positive electrode active material]

[0007] The positive electrode active material used by
the production method of the present invention compris-
es particles of lithium manganese phosphate LiMnPO4
or a compound LiMn1-xMxPO4 (in the formula, 0 ≤ x < 1
and M is at least one metal element selected from the
group consisting of Co, Ni, Fe, Zn, Cu, Ti, Sn, Zr, V, and
Al) containing lithium manganese phosphate LiMnPO4
as a solid solution composition and carbon on the surface
of these particles.
[0008] The metal element M present in the aforemen-
tioned compound with general formula LiMn1-xMxPO4 in
addition to Mn is preferably at least one selection from
Co, Ni, Fe, and Cu. x indicates the proportion of the non-
manganese metal element M and is preferably 0 ≤ x <
0.7, more preferably 0 ≤ x ≤ 0.5, and even more preferably
is 0 ≤ x ≤ 0.3.
[0009] Lithium manganese phosphate resides in the
orthorhombic Pnma space group, and FeO6 octahedra
and PO4 tetrahedra therein form a vertex-sharing and
edge-sharing framework. It has Li diffusion paths parallel
to the a axis and the c axis, allowing it to function as an
intercalation host for the lithium ion. A characteristic fea-
ture of the positive electrode active material of the
present invention is that carbon is present on surface of
the particles of a compound that contains this lithium
manganese phosphate as its main component. Accord-
ing to research by the present inventors, it is by means
of this characteristic feature that the positive electrode
active material of the present invention has excellent rate
characteristics that are well adapted for nonaqueous
electrolyte batteries. It is known that lithium manganese
phosphate (LiMnPO4) does not have good rate charac-
teristics. As a consequence, the individual skilled in the
art would have predicted that a positive electrode active
material having lithium manganese phosphate as its
main component would not have good rate characteris-
tics. However, contrary to this expectation, the positive
electrode active material of the present invention was
discovered to have good rate characteristics notwith-
standing the fact that its main component is lithium man-
ganese phosphate. Without being bound to any theory,
it is thought that, in the process in which the LiMnPO4 is
heat treated (annealed) in combination with a prescribed
amount of carbon in an inert gas atmosphere, the carbon
takes up oxygen from the LiMnPO4 surface and this par-
tial reduction contributes to an increase in the electro-
conductivity.
[0010] The positive electrode preferably contains at
least 25 weight% and particularly at least 50 weight%
lithium manganese phosphate LiMnPO4 or a compound
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LiMn1-xMxPO4 (in the formula, 0 ≤ x < 1 and M is at least
one metal element selected from the group consisting of
Co, Ni, Fe, Zn, Cu, Ti, Sn, Zr, V, and Al) containing lithium
manganese phosphate LiMnPO4 as a solid solution com-
position.
[0011] Components other than the lithium manganese
phosphate LiMnPO4 or compound LiMn1-xMxPO4 (0 ≤ x
< 1) containing it as a solid solution composition, can be
exemplified by LiMn2O4, which has a discharge plateau
around 3 to 5 V, which is in the vicinity of the discharge
potential of the preceding; 4 V-class positive electrode
active materials such as LiCoO2, LiNiO2, and so forth;
olivine-type transition metal phosphate complexes such
as LiCoPO4, LiFePO4, LiNiPO4, LiCuPO4, and so forth;
and NASICON-type transition metal phosphate complex-
es such as Li3Fe2(PO4)3 , Li3V2(PO4)3, Li3Ti2(PO4)3,
and so forth.
[0012] The particle diameter of the particles of lithium
manganese phosphate or compound containing lithium
manganese phosphate as a solid solution ingredient
component, is preferably as small as possible. This par-
ticle size can be adjusted by a grinding method that uses,
for example, a planetary ball mill, ultrasound, jet mill,
shaker, and so forth.
[0013] The particle diameter of the positive electrode
active material of the present invention, which comprises
particles of lithium manganese phosphate or a com-
pound containing lithium manganese phosphate as a sol-
id solution ingredient component and carbon on the sur-
face thereof, is preferably 1 mm to 50 nm and more pref-
erably is 200 nm to 100 nm. When the particle diameter
of the positive electrode active material is too large, sur-
face coating by the carbon and surface partial reduction
will be inadequate and an adequate capacity will not be
obtained.
[0014] The carbon content in the positive electrode ac-
tive material of the present invention, expressed with ref-
erence to the electrode, is preferably no more than 25
weight% and more preferably is in the range of 25 to 5
weight%.
[0015] It is known that carbon particles intrinsically
have a large surface area. In addition, when one consid-
ers that the presence of carbon on the surface of the
particles of the lithium manganese phosphate or com-
pound containing lithium manganese phosphate as a sol-
id solution ingredient component achieves a sintering in-
hibiting effect and promotes microfine-sizing of the par-
ticles, it would ordinarily be thought that the surface area
of the obtained positive electrode active material parti-
cles as a whole would be increased by the attachment
of carbon. However, contrary to this expectation in the
art, it has been discovered that the positive electrode
active material of the present invention exhibits relatively
low values for the particle surface area. When one con-
siders that the positive electrode active material of the
present invention has both a small particle diameter and
a small surface area, the conclusion is drawn that the
carbon particles occur on the surface of the particles of

the lithium manganese phosphate compound or com-
pound containing lithium manganese phosphate as a sol-
id solution ingredient component in a manner that forms
a smooth layer, thus diminishing the asperities on the
surface of the positive electrode active material particles.
[0016] While the positive electrode active material of
the present invention mainly comprises a composite of
carbon and the aforementioned lithium manganese
phosphate or compound containing lithium manganese
phosphate as a solid solution ingredient component, var-
ious materials may also be present on the surface of
these particles, for example, another positive electrode
active material such as LiMn2O4 and so forth.

[The method of producing the positive electrode active
material]

[0017] The positive electrode active material of the
present invention can be produced by a method com-
prising the steps of mixing a carbon source with the lith-
ium manganese phosphate or compound containing lith-
ium manganese phosphate as a solid solution ingredient
component and particularly mixing in such a manner that
the carbon source becomes distributed on the surface of
the compound, and heat treating the obtained mixture in
an inert gas atmosphere.

(The lithium manganese phosphate or compound that
contains lithium manganese phosphate as a solid solu-
tion ingredient component)

[0018] The lithium manganese phosphate or com-
pound that contains lithium manganese phosphate as a
solid solution ingredient component can be prepared by
mixing LiMnPO4 with any other optional components and
carrying out a heat treatment, a process of melting and
rapid cooling, a process of melting with slow cooling, a
mechanical milling treatment, a sonochemical treatment,
a sol-gel process, and so forth. For example, the starting
materials in particulate form can be mixed and then heat
treated; or aqueous solutions of the starting materials
can be mixed and the obtained product can be filtered
off, washed with water, dried, and so forth, followed by
heat treatment.
[0019] The lithium manganese phosphate can be pro-
duced by known methods. More specifically, production
can be carried out by preparing a slurry by mixing a lithium
source, manganese source, and phosphorus source with
excess pure water in such a manner that the Li:Mn:P
molar ratio is 1:1:1, and subjecting this slurry to a heat
treatment under an oxidizing atmosphere. In order to ob-
tain uniform and microfine lithium manganese phosphate
particles, mixing is preferably carried out using a com-
minuting device such as a planetary ball mill, ultrasound,
jet mill, shaker, and so forth.
[0020] The counter-anion in the starting Mn salt and
M salt is not particularly limited, and, for example, the
sulfate salt, nitrate salt, chloride salt, acetate salt, and so

7 8



EP 1 939 959 A1

7

5

10

15

20

25

30

35

40

45

50

55

forth, can be used. The use of organic acid salts, such
as the acetate salt, and the use of the sulfate salt and so
forth are preferred from the standpoint of avoiding resid-
ual impurities in the obtained positive electrode active
material.
[0021] The lithium source can be exemplified by lithium
carbonate, lithium acetate, lithium hydroxide, lithium
chloride, lithium oxalate, and so forth.
[0022] The manganese source can be exemplified by
manganese powder, manganese oxide, manganese car-
bonate, manganese acetate, manganese hydroxide,
manganese chloride, manganese oxalate, and so forth.
[0023] The phosphate source can be exemplified by
phosphorus pentoxide, phosphoric acid, ammonium di-
hydrogen phosphate, diammonium hydrogen phos-
phate, and so forth. Phosphorus pentoxide and phos-
phoric acid are very suitable since it is preferable to min-
imize production of by-product ammonia gas during the
heat treatment step. With regard to the use of phosphoric
acid as a starting material, since phosphoric acid is gen-
erally acquired in the form of the aqueous solution, phos-
phoric acid is preferably used after its content (purity)
has been accurately determined, for example, by titration
and so forth.
[0024] In addition, a compound whose main compo-
nent is lithium manganese phosphate that is uniform and
that exhibits good crystallinity, can be produced when
the product obtained by mixing aqueous solutions of the
starting materials is used as the precursor prior to heat
treatment.
[0025] Heat treatment of the lithium manganese phos-
phate can be carried out using a single-step temperature
ramp up from ambient temperature to the heat treatment
completion temperature (100 to 800˚C and more prefer-
ably 300 to 650˚C) and a holding step. It can also be
carried out divided into two stages, i.e., a heat treatment
step in a low temperature range (ambient temperature
to 300˚C) (pre-calcination) and a heat treatment step in
a high temperature range (300 to 800˚C) (main calcina-
tion). For example, lithium manganese phosphate can
be synthesized by mixing lithium carbonate as the lithium
source and manganese metal powder as the manganese
source into aqueous phosphoric acid using the stoichio-
metric proportions; carrying out a reaction by stirring for
2 days using a magnetic stirrer; and heat treating for 24
hours in air at 100 to 600˚C, yielding a crystalline lithium
manganese phosphate or a noncrystalline lithium man-
ganese phosphate depending on the heat treatment tem-
perature. Lithium manganese phosphate can also be
synthesized by raising the temperature to at least 1100˚C
and carrying out melting with slow cooling in a single
stretch or melting with rapid cooling, yielding a crystalline
lithium manganese phosphate or a noncrystalline lithium
manganese phosphate depending on the cooling rate.

(The carbon source)

[0026] The carbon source comprises at least one of

carbon particles and a carbon precursor that is converted
to carbon by the heat treatment. The use of a carbon
precursor as the carbon source enables the production
at relatively low temperatures of a positive electrode ac-
tive material that has a low surface area.
[0027] The known carbon particles can be used with-
out limitation as the carbon particles, and examples here
are carbon blacks such as acetylene black, ketjen black,
and so forth, as well as pitch coke, mesocarbon mi-
crobeads, carbon nanotubes, carbon fiber, and so forth.
The carbon precursor can be exemplified by natural and
synthetic organic polymer compounds (particularly wa-
ter-soluble species) such as polyvinylidene fluoride
(PVdF), polyvinyl alcohol, polyolefins, polyacrylonitrile,
cellulose, starch, granulated sugar, and so forth; ace-
tone; and polymerizable monomers (particularly unsatu-
rated organic compounds that contain a carbon-carbon
double bond) such as acrylonitrile, divinylbenzene, vinyl
acetate, and so forth. In particular, the use of polyvinyl
alcohol as the carbon source provides a substantial effect
with regard to keeping a low specific surface area in the
obtained positive electrode active material.
[0028] The quantity of carbon source addition is not
limited, but certainly is to be in a range at which the carbon
fraction remaining after heat treatment is not excessive
in a positive electrode. Considered with reference to the
electrode, addition at no more than 25 weight% and par-
ticularly in the range of 25 to 5 weight% is desirable.
Viewed from the perspective of obtaining a uniform mix-
ture, addition is preferably carried out using a comminut-
ing device as cited above.

(The heat treatment step)

[0029] The heat treatment step is a step in which par-
ticles of the positive electrode active material of the
present invention are produced by introducing thermal
energy into the mixture of the carbon source and lithium
manganese phosphate or a compound containing lithium
manganese phosphate as a solid solution ingredient
component, in order to cause carbon to be present in a
stable manner on the surface of the particles of the com-
pound under consideration and in order to bring about
volatilization and elimination of impurities. Lithium man-
ganese phosphate obtained as described above by itself
does not have a satisfactory electroconductivity and is
unable to manifest excellent rate characteristics. In order
to improve the rate characteristics of lithium manganese
phosphate, this step in which heat treatment together
with a carbon source is carried out under an inert gas
atmosphere is therefore necessary in order to produce
the positive electrode active material of the present in-
vention.
[0030] The heat treatment is carried out under an inert
gas atmosphere. The inert gas can be exemplified by
nitrogen, helium, neon, argon, and so forth.
[0031] The heat treatment step is as a general matter
carried out at a temperature at which the added carbon
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takes up oxygen from the surface of the positive electrode
specimen and is thereby volatilized, and its effectiveness
when carried out preferably at a temperature of at least
250˚C, more preferably 400 to 600˚C, and particularly at
about 500˚C was confirmed from TG-MS measurements
and the like. As a general matter, the heat treatment time
is less than several hours and preferably is from 30 min-
utes to 2 hours and particularly is about 1 hour.
[0032] The present invention, in which a carbon source
is added to lithium manganese phosphate or a compound
containing lithium manganese phosphate as a solid so-
lution ingredient component and heat treatment is then
carried out, can prevent the carbon source from being
foamed by gas generated by decomposition of the lithium
manganese phosphate during the heat treatment. As a
result, the carbon source, residing in a fused state,
spreads in a melt state more uniformly over the surface
of the lithium manganese phosphate, enabling a more
uniform deposition of the carbon on the surface of the
lithium manganese phosphate particles. As a conse-
quence, an even better surface electroconductivity is
generated for the obtained positive electrode active ma-
terial and particle-to-particle contact is strongly stabi-
lized.
[0033] The positive electrode active material of the
present invention obtained as described above exhibits
a reversible 4 V discharge plateau against a lithium neg-
ative electrode and can be very suitably used as a con-
stituent material of nonaqueous electrolyte batteries and
particularly nonaqueous electrolyte secondary batteries.
The positive electrode active material of the present in-
vention can function as an electrode active material for
secondary batteries by means of the insertion/de-inser-
tion of various cations. The lithium ion is particularly pre-
ferred as the inserted/de-inserted cation.

[The nonaqueous electrolyte battery]

[0034] An electrode having the positive electrode ac-
tive material of the present invention can be very suitably
used as an electrode for batteries having various shapes,
e.g., coin, cylindrical, square, and so forth. For example,
an electrode with, for example, a pellet shape, can be
formed by press molding this electrode active material.
In addition, a plate-shaped or sheet-shaped electrode
can be formed by bonding this electrode active material
to a current collector comprising an electroconductive
material, for example, a metal.

(Battery structure)

[0035] An example of a nonaqueous electrolyte battery
that uses the positive electrode active material of the
present invention will be described with reference to the
drawings appended herewith. A cross-sectional drawing
that shows a schematic of the battery is given in Fig. 30.
Broadly speaking, the nonaqueous electrolyte battery 1
in this figure has a negative electrode member 2, which

functions as an external negative electrode for the bat-
tery; a positive electrode member 3, which functions as
an external positive electrode for the battery; and, situ-
ated between the preceding two members in the se-
quence given, a negative electrode current collector 4,
a negative electrode active material 5, a separator 8, a
positive electrode active material 7, and a positive elec-
trode current collector 6. The negative electrode member
2 has an approximately cylindrical shape and is config-
ured so as to be able to hold the negative electrode cur-
rent collector 4 and the negative electrode active material
5 in its interior. The positive electrode member 3, on the
other hand, also has an approximately cylindrical shape
and is configured so as to be able to hold the positive
electrode current collector 6 and the positive electrode
active material 7 in its interior. The radial dimension of
the positive electrode member 3 and the radial dimension
of the separator 8 are set somewhat larger than the radial
dimension of the negative electrode member 2, and the
peripheral edge of the negative electrode member 2 is
therefore overlapped by the peripheral edge of the sep-
arator 8 and the peripheral edge of the positive electrode
member 3. The space in the interior of the battery is filled
with a nonaqueous electrolyte 9, and a sealant 10 is
placed in the overlap zone of the peripheral edges of the
negative electrode member 2, the separator 8, and the
positive electrode member 3, thereby maintaining the in-
terior of the battery in an airtight condition.
[0036] For the negative electrode, the negative elec-
trode member 2 forms an external negative electrode;
the negative electrode current collector 4 is formed in
contact therewith; and a layer of negative electrode active
material 5 is formed on the negative electrode current
collector. For example, nickel foil, copper foil, and so
forth, can be used as the negative electrode current col-
lector. A negative electrode active material capable of
lithium insertion/de-insertion is used as the negative
electrode active material, and, for example, lithium metal,
lithium alloys, lithium-doped electroconductive polymers,
layer compounds (carbon materials, metal oxides, and
so forth), and the like, are specifically used. The binder
present in the negative electrode active material layer
can be exemplified by poly(vinylidene fluoride) (PVdF),
poly(tetrafluoroethylene) (PTFE), poly(vinylidene fluo-
ride/hexafluoropropylene) copolymer (PVdF-HFP), and
so forth. In particular, because lithium metal foil can be
used not only for the negative electrode active material,
but also for the negative electrode current collector, a
simple and convenient battery structure can be elaborat-
ed by using lithium metal foil for the negative electrode.
[0037] For the positive electrode, the positive elec-
trode member 3 forms an external positive electrode; the
positive electrode current collector 6 is formed in contact
therewith; and a layer of positive electrode active material
7 is formed on the positive electrode current collector.
The positive electrode active material of the present in-
vention as described hereinabove is used as the positive
electrode active material. The positive electrode current
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collector can be, for example, aluminum foil and so forth.
The binder present in the positive electrode active ma-
terial layer can be exemplified by poly(vinylidene fluoride)
(PVdF), poly(tetrafluoroethylene) (PTFE), poly(vinyli-
dene fluoride/hexafluoropropylene) copolymer (PVdF-
HFP), and so forth. The positive electrode active material
layer can contain an electroconductive material in order
to raise the electroconductivity. This electroconductive
material can be exemplified by graphite, acetylene black,
and so forth.
[0038] The separator 8 divides the positive electrode
from the negative electrode, and those materials gener-
ally known for use as a separator in nonaqueous elec-
trolyte batteries of this type can be used. For example,
a polymer film of, e.g., polypropylene, or a porous poly-
ethylene carbonate membrane, and so forth, can be
used. In addition, the separator is desirably as thin as
possible given the relationship between lithium ion con-
ductivity and energy density. In specific terms, the sep-
arator thickness is, for example, preferably no more than
50 mm.
[0039] The resins generally known for use as sealants
for the positive electrode active material layer of non-
aqueous electrolyte batteries of this type can be used as
the sealant 10.
[0040] The nonaqueous electrolyte can assume vari-
ous forms and can be not only a liquid electrolyte, but
can also be a solid electrolyte, a solvent-containing elec-
trolyte gel, and so forth. Solutions obtained by dissolving
an electrolyte in an aprotic nonaqueous solvent are used
as the liquid electrolyte.
[0041] The nonaqueous solvent can be exemplified by
cyclic carbonates such as ethylene carbonate, propylene
carbonate, butylene carbonate, vinylene carbonate, and
so forth; chain carbonates such as dimethyl carbonate,
diethyl carbonate, dipropyl carbonate, ethyl methyl car-
bonate, and so forth; and lactones such as γ-butyrolac-
tone, and so forth; 1,2-dimethoxyethane, 1,2-diethox-
yethane, dioxane, 1,3-dioxolane, 3-methyl-1,3-diox-
olane, nitromethane, N,N-dimethylformamide; sulfones
such as dimethylsulfoxide, sulfolane, and so forth; esters
such as methyl propionate, methyl butyrate, and so forth;
nitriles such as acetonitrile, propionitrile, and so forth;
ethers such as tetrahydrofuran, 2-methyltetrahydro-
furan, and so forth. In particular, the use of cyclic carbon-
ates such as ethylene carbonate, propylene carbonate,
vinylene carbonate, and so forth, and chain carbonates
such as dimethyl carbonate, diethyl carbonate, dipropyl
carbonate, and so forth, is preferred from the standpoint
of voltage stability. A single such nonaqueous solvent
can be used or a mixture of two or more can be used.
[0042] A lithium salt of a lithium compound (lithium
salt), for example, LiPF6, LiClO4, LiAsF6, LiBF4,
LiCF3SO3 , LiN(CF3SO2)2, LiC4F9SO3 , LiC(CF3SO2)3,
LiClO4, and so forth, can be used as the electrolyte. The
use of LiPF6 and LiBF4 is preferred among the preceding
lithium salts. A single such electrolyte can be used or a
mixture of two or more can be used.

[0043] The solid electrolyte can be exemplified by solid
inorganic electrolytes such as lithium nitride, lithium io-
dide, and so forth, and by organic polymer electrolytes
such as poly(ethylene oxide), poly(methacrylate), poly
(acrylate), and so forth. In addition, there are no particular
restrictions on the material that can be used to form an
electrolyte gel as long as this material can absorb a liquid
electrolyte as described above with gelation; examples
here are fluoropolymers such as poly(vinylidene fluo-
ride), vinylidene fluoride/hexafluoropropylene copoly-
mer, and so forth.

(The method of battery production)

[0044] A nonaqueous electrolyte battery that uses the
positive electrode active material of the present invention
can be produced, for example, as follows.
[0045] The method of producing the negative elec-
trode will be described first. A slurry is prepared by dis-
persing the negative electrode active material and binder
in a solvent. The obtained slurry is uniformly coated on
the current collector and dried thereon to form a layer of
negative electrode active material. The resulting lami-
nate comprising the negative electrode current collector
and the negative electrode active material layer is then
installed within the negative electrode member in such
a manner that the negative electrode current collector
and the interior surface of the negative electrode member
are in contact, thereby forming the negative electrode.
In addition, lithium metal foil can also be directly used as
the negative electrode active material and the negative
electrode active material as described above.
[0046] The method of producing the positive electrode
will now be described. A slurry is prepared by dispersing
the positive electrode active material of the present in-
vention, electroconductive material, and binder in a sol-
vent. This slurry is uniformly coated on the current col-
lector and dried thereon to form a positive electrode ac-
tive material layer. The resulting laminate comprising the
positive electrode current collector and the positive elec-
trode active material layer is then installed in the positive
electrode member in such a manner that the positive
electrode current collector is in contact with the inner sur-
face of the positive electrode member, thereby forming
the positive electrode.
[0047] When a liquid nonaqueous electrolyte is used,
the liquid nonaqueous electrolyte is prepared by dissolv-
ing the electrolyte salt in a nonaqueous solvent.
[0048] The negative electrode and positive electrode
prepared as described above are then stacked on one
another with a separator interposed between the nega-
tive electrode active material layer and the positive elec-
trode active material layer; the nonaqueous electrolyte
is then introduced; and the nonaqueous electrolyte bat-
tery is completed by sealing the battery interior with seal-
ant.
[0049] The nonaqueous electrolyte battery of the
present invention is not particularly limited to the config-
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uration discussed above and can have, inter alia, a cy-
lindrical, square, coin, or button shape, and can be exe-
cuted in various sizes, for example, thin, large-scale, and
so forth. In addition, the present invention can be used
for primary batteries and secondary batteries.

EXAMPLES

[0050] The present invention is described in detail her-
ebelow based on examples, but the present invention is
not limited to these examples.

Preparative Example 1

Preparation of an LiMnPO4 powder specimen by
processing for 24 hours with a planetary ball mill

[0051] The following starting materials were weighed
out and mixed in the stoichiometric ratio in an argon glove
box so as to give a total of 10 g: lithium carbonate (Li2CO3,
98%, Wako Pure Chemical Industries, Ltd.) as the lithium
source, manganese powder (Mn, 98%, Wako Pure
Chemical Industries, Ltd.) as the manganese source, and
diphosphorus pentoxide (P2O5, 98%, Wako Pure Chem-
ical Industries, Ltd.) as the phosphorus source. The re-
sulting mixture was removed from the glove box and in-
troduced into 50 mL pure water and a reaction was run
by stirring for 2 days using a magnetic stirrer. Then, in
order to bring the reaction to completion, processing was
carried out for 24 hours with a planetary ball mill (Ito Man-
ufacturing, 250-mL partially stabilized zirconia pot) at 200
rpm. Balls were added to a total of 100 g, i.e., 3-mm
diameter balls and five balls with a 10-mm diameter, for
stirring with the planetary ball mill. This was followed by
heat treatment for 24 hours in the air, at 100˚C, 350˚C,
or 600˚C.
[0052] Identification was carried out using a powder x-
ray diffraction instrument (Rigaku RINT 2100HLR/PC).
The specimen obtained by heat treatment for 24 hours
at 100˚C was confirmed to be x-ray amorphous from the
x-ray diffraction results shown in Fig. 1.
[0053] The specimen obtained by heat treatment for
24 hours at 350˚C and the specimen obtained by heat
treatment for 24 hours at 600˚C were both confirmed to
be an orthorhombic Pnma lithium manganese phosphate
(ICDD No. 33-0804) single phase from the x-ray diffrac-
tion results shown, respectively, in Figs. 2 and 3.

Preparative Example 2

Preparation of an LiMnPO4 powder specimen by stirring
for 5 days with a magnetic stirrer

[0054] The following starting materials were weighed
out and mixed in the stoichiometric ratio in an argon glove
box so as to give a total of 10 g: lithium carbonate (Li2CO3,
98%, Wako Pure Chemical Industries, Ltd.) as the lithium
source, manganese powder (Mn, 98%, Wako Pure

Chemical Industries, Ltd.) as the manganese source, and
diphosphorus pentoxide (P2O5, 98%, Wako Pure Chem-
ical Industries, Ltd.) as the phosphorus source. The re-
sulting mixture was removed from the glove box and in-
troduced into 50 mL pure water; a reaction was run by
stirring for 5 days using a magnetic stirrer; and this was
followed by heat treatment for 24 hours in the air at 100˚C
or 350˚C as in Preparative Example 1. The LiMnPO4 ob-
tained by heat treatment for 24 hours at 100˚C was con-
firmed to be x-ray amorphous from the x-ray diffraction
results shown in Fig. 4. The specimen obtained by heat
treatment for 24 hours at 350˚C was confirmed to be an
orthorhombic Pnma lithium manganese phosphate
(ICDD No. 33-0804) single phase from the x-ray diffrac-
tion results shown in Fig. 5. This preparative example
shows that LiMnPO4 can also be prepared by a stirring
process that uses only a magnetic stirrer, when the stir-
ring time is increased to a certain extent.

Preparative Example 3

Preparation of an LiMnPO4 powder specimen by solid
phase calcination

[0055] The following starting materials were weighed
out and mixed in the stoichiometric ratio in an argon glove
box so as to give a total of 10 g: lithium carbonate (Li2CO3,
98%, Wako Pure Chemical Industries, Ltd.) as the lithium
source, manganese(III) oxide (Mn2O3, 99.9%, Furuuchi
Chemical Corporation) as the manganese source, and
diphosphorus pentoxide (P2O5, 98%, Wako Pure Chem-
ical Industries, Ltd.) as the phosphorus source. This was
followed by pre-calcination for 15 hours at 500˚C and
then main calcination for 48 hours at 800˚C. Both pre-
calcination and main calcination were carried out in air.
The resulting powder specimen was confirmed to be an
orthorhombic Pnma lithium manganese phosphate
(ICDD No. 33-0804) single phase from the x-ray diffrac-
tion results shown in Fig. 6.

Preparative Example 4

Preparation of an LiMnPO4 specimen by melting and
slow cooling

[0056] The following starting materials were weighed
out and mixed in the stoichiometric ratio in an argon glove
box so as to give a total of 10 g: lithium carbonate (Li2CO3,
98%, Wako Pure Chemical Industries, Ltd.) as the lithium
source, manganese(II) oxide (MnO, 99.9%, Furuuchi
Chemical Corporation) as the manganese source, and
diphosphorus pentoxide (P2O5, 98%, Wako Pure Chem-
ical Industries, Ltd.) as the phosphorus source. After this,
and while operating under an argon atmosphere, melting
was carried out for 5 minutes at 1500˚C followed by grad-
ual cooling to room temperature at a rate of temperature
decline of 200˚C/hour. The resulting powder specimen
was confirmed to be an orthorhombic Pnma lithium man-
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ganese phosphate (ICDD No. 33-0804) single phase
from the x-ray diffraction results shown in Fig. 7.

Preparative Example 5

Preparation of an LiMn0.5Fe0.5PO4 specimen by melting
and slow cooling

[0057] The following starting materials were weighed
out and mixed in the stoichiometric ratio in an argon glove
box so as to give a total of 10 g: lithium carbonate (Li2CO3,
98%. Wako Pure Chemical Industries, Ltd.) as the lithium
source, manganese(II) oxide (MnO, 99.9%, Furuuchi
Chemical Corporation) as the manganese source, iron
oxide (Fe2O3, reagent first grade, 95.0%, Wako Pure
Chemical Industries, Ltd.) as the iron source, and diphos-
phorus pentoxide (P2O5, 98%, Wako Pure Chemical In-
dustries, Ltd.) as the phosphorus source. After this, and
while operating under an argon atmosphere, melting was
carried out for 5 minutes at 1500˚C followed by gradual
cooling to room temperature at a rate of temperature de-
cline of 200˚C/hour. The resulting powder specimen was
confirmed to be an orthorhombic Pnma lithium manga-
nese phosphate (ICDD No. 33-0804) single phase from
the x-ray diffraction results shown in Fig. 8.

Preparative Example 6

Preparation of an LiFePO4 powder specimen by solid
phase calcination

[0058] The following starting materials were weighed
out and mixed in the stoichiometric ratio in an argon glove
box so as to give a total of 10 g: lithium carbonate (Li2CO3,
98%, Wako Pure Chemical Industries, Ltd.) as the lithium
source, iron oxalate dihydrate (FeC2O4·2H2O, 90%, Wa-
ko Pure Chemical Industries, Ltd.) as the iron source,
and diammonium hydrogen phosphate ((NH4)2HPO4
·4H2O , 99%, Wako Pure Chemical Industries, Ltd.) as
the phosphorus source. After this, and while operating
in an argon current, calcination was carried out for 48
hours at 800˚C. The resulting powder specimen was con-
firmed to be an orthorhombic Pnma lithium iron phos-
phate (ICDD No. 40-1499) single phase from the x-ray
diffraction results.

Preparative Example 7

Preparation of an LiMn0.6Fe0.2Ti0.2PO4 specimen by co-
precipitation

[0059] 100 mL of an aqueous solution containing 0.083
mol iron(III) sulfate (iron(III) sulfate·nH2O, 60 to 80% as
Fe2(SO4)3, Wako Pure Chemical Industries, Ltd.) and
0.083 mol titanium(IV) sulfate (30% titanium sulfate so-
lution, 27 to 33%, Wako Pure Chemical Industries, Ltd.)
was added to 200 mL of an aqueous solution containing
0.25 mol Mn(CH3COO)2 ((Mn(CH3C00)2·4H2O) 98 to

102%, Wako Pure Chemical Industries, Ltd.) in a one-
liter reactor, and this stirred for 30 minutes at 30˚C. To
this solution was added 100 mL of an aqueous solution
containing 0.47 mol H3PO4 (85% phosphoric acid solu-
tion, 85% up, Showa Chemical Corporation) and mixing
was carried out for an additional 30 minutes. 400 mL of
an aqueous solution containing 1.76 mol LiOH (Li-
OH·4H2O, 98 to 102%, Wako Pure Chemical Industries,
Ltd.) was then added dropwise over 30 minutes, followed
by heating to 100˚C and stirring for 1 hour. The pH of the
reaction solution that had been cooled to room temper-
ature was 6.7. The resulting coprecipitated product was
filtered off, washed with 1 L deionized water, and dried
for 12 hours in a 140˚C oven; this was followed by heat
treatment for 24 hours at 350˚C in air. The resulting pow-
der specimen was confirmed to be an orthorhombic Pn-
ma lithium manganese phosphate (ICDD No. 33-0804)
single phase from the x-ray diffraction results. With re-
gard to the lithium, manganese, iron, titanium, and phos-
phorus, the results from fluorescent x-ray analysis
(ZSX100e fluorescent x-ray analyzer from Rigaku Cor-
poration) and the results from ICP measurements
(SPS1500VR ICP emission spectrometer from Seiko In-
struments Inc.) confirmed the molar ratio Li:Mn:Fe:Ti:P
= 1:0.6:0.2:0.2:1 for all specimens within the range of
measurement error.

Preparative Example 8

Preparation of an LiMn0.6Fe0.2Ti0.2PO4 powder speci-
men by processing for 24 hours with a planetary ball mill

[0060] The following starting materials were weighed
out and mixed in a nitrogen glove box: 0.17 mol lithium
carbonate (Li2CO3, 99% up, Kanto Chemical Co., Inc.)
as the lithium source, 0.20 mol manganese powder (Mn,
98%, Wako Pure Chemical Industries, Ltd.) as the man-
ganese source, and 0.16 mol diphosphorus pentoxide
(P2O5, 98% up, Kanto Chemical Co., Inc.) as the phos-
phorus source. The resulting mixture was removed from
the glove box and introduced into 250 mL pure water and
a reaction was run by stirring for 2 days using a magnetic
stirrer. To the resulting suspension were then added
0.067 mol iron citrate (FeC6H5O7·nH2O, 15 to 20% as
Fe, Kanto Chemical Co., Inc.) and 0.067 mol titanium
isopropoxide (Ti[OCH(CH3)2]4, 95% up, Wako Pure
Chemical Industries, Ltd.) while stirring. In order to bring
the reaction to completion, processing was carried out
for 24 hours with a planetary ball mill (Fritsch, 500-mL
stabilized zirconia pot) at 200 rpm. 200 g 5-mm diameter
balls and 200 g 10-mm diameter balls were added for
stirring with the planetary ball mill. The specimen was
dried in a 140˚C drier and was thereafter heat treated for
24 hours at 350˚C in air. The resulting powder specimen
was confirmed to be an orthorhombic Pnma lithium man-
ganese phosphate (ICDD No. 33-0804) single phase
from the x-ray diffraction results. With regard to the lith-
ium, manganese, iron, titanium, and phosphorus, the re-
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sults from fluorescent x-ray analysis (ZSX100e fluores-
cent x-ray analyzer from Rigaku Corporation) and the
results from ICP measurements (SPS1500VR ICP emis-
sion spectrometer from Seiko Instruments Inc.) con-
firmed Li:Mn:Fe:Ti:P = 1:0.6:0.2:0.2:1 for all specimens
within the range of measurement error.

Preparative Example 9

Preparation of an LiMn0.6Co0.2Ti0.2PO4 powder speci-
men by processing for 24 hours with a planetary ball mill

[0061] The following starting materials were weighed
out and mixed in a nitrogen glove box: 0.17 mol lithium
carbonate (Li2CO3, 99% up, Kanto Chemical Co., Inc.)
as the lithium source, 0.20 mol manganese powder (Mn,
98%, Wako Pure Chemical Industries, Ltd.) as the man-
ganese source, and 0.16 mol diphosphorus pentoxide
(P2O5, 98% up, Kanto Chemical Co., Inc.) as the phos-
phorus source. The resulting mixture was removed from
the glove box and introduced into 250 mL pure water and
a reaction was run by stirring for 2 days using a magnetic
stirrer. To the resulting suspension were then added
0.067 mol cobalt acetate (Co(CH3COO)2·4H2O, 99% up,
Wako Pure Chemical Industries, Ltd.) and 0.067 mol ti-
tanium isopropoxide (Ti[OCH(CH3)2]4, 95% up, Wako
Pure Chemical Industries, Ltd.) while stirring. In order to
bring the reaction to completion, processing was carried
out for 24 hours with a planetary ball mill (Fritsch, 500-
mL partially stabilized zirconia pot) at 200 rpm. 200 g 5-
mm diameter balls and 200 g 10-mm diameter balls were
added for stirring with the planetary ball mill. The speci-
men was dried in a 140˚C drier and was thereafter heat
treated for 24 hours at 350˚C in air. The resulting powder
specimen was confirmed to be an orthorhombic Pnma
lithium manganese phosphate (ICDD No. 33-0804) sin-
gle phase from the x-ray diffraction results. With regard
to the lithium, manganese, cobalt, titanium, and phos-
phorus, the results from fluorescent x-ray analysis
(ZSX100e fluorescent x-ray analyzer from Rigaku Cor-
poration) and the results from ICP measurements
(SPS1500VR ICP emission spectrometer from Seiko In-
struments Inc.) confirmed the molar ratio Li:Mn:Co:Ti:P
= 1:0.6:0.2:0.2:1 for all specimens within the range of
measurement error.

Preparative Example 10

Preparation of an LiMn0.8Fe0.1Ti0.1PO4 powder speci-
men by processing for 24 hours with a planetary ball mill

[0062] The following starting materials were weighed
out and mixed in a nitrogen glove box: 0.17 mol lithium
carbonate (Li2CO3, 99% up, Kanto Chemical Co., Inc.)
as the lithium source, 0.25 mol manganese powder (Mn,
98%, Wako Pure Chemical Industries, Ltd.) as the man-
ganese source, and 0.16 mol diphosphorus pentoxide
(P2O5, 98% up, Kanto Chemical Co., Inc.) as the phos-

phorus source. The resulting mixture was removed from
the glove box and introduced into 250 mL pure water and
a reaction was run by stirring for 2 days using a magnetic
stirrer. To the resulting suspension were then added
0.031 mol iron citrate (FeC6H5O7·nH2O, 15 to 20% as
Fe, Kanto Chemical Co., Inc.) and 0.031 mol titanium
isopropoxide (Ti[OCH(CH3)2]4. 95% up, Wako Pure
Chemical Industries, Ltd.) while stirring. In order to bring
the reaction to completion, processing was carried out
for 24 hours with a planetary ball mill (Fritsch, 500-mL
partially stabilized zirconia pot) at 200 rpm. 200 g 5-mm
diameter balls and 200 g 10-mm diameter balls were add-
ed for stirring with the planetary ball mill. The specimen
was dried in a 140˚C drier and was thereafter heat treated
for 24 hours at 350˚C in air. The resulting powder spec-
imen was confirmed to be an orthorhombic Pnma lithium
manganese phosphate (ICDD No. 33-0804) single phase
from the x-ray diffraction results. With regard to the lith-
ium, manganese, iron, titanium, and phosphorus, the re-
sults from fluorescent x-ray analysis (ZSX100e fluores-
cent x-ray analyzer from Rigaku Corporation) and the
results from ICP measurements (SPS1500VR ICP emis-
sion spectrometer from Seiko Instruments Inc.) con-
firmed the molar ratio Li:Mn:Fe:Ti:P = 1:0.8:0.1:0.1:1 for
all specimens within the range of measurement error.

Production Example 1

Production of positive electrode pellets

[0063] Positive electrode pellets were produced from
each of the powder specimens of Preparative Examples
1 to 10 using the following procedure. Two 20-mm diam-
eter balls, four 15-mm diameter balls, fifteen 10-mm di-
ameter balls, and sufficient 3-mm diameter balls to bring
the total to 175 g were introduced into a planetary rotary
ball mill (LP-4/2 from Ito Manufacturing) and 2.5 g of a
powder specimen from Preparative Examples 1 to 10
and 0.89 g (weight ratio = 70:25) acetylene black (Denka
Black, 50% press grade, Denki Kagaku Kogyou Ka-
bushiki Kaisha) were additionally introduced. This mix-
ture was dry-mixed for 24 hours at 200 rpm. An 80-mL
partially stabilized zirconia pot was used in the ball mill.
Then, in order to further raise the electroconductivity of
the specimen, heat treatment was carried out for 1 hour
at 500˚C in an argon atmosphere. The TG-MS spectrum
shown in Fig. 9 was obtained by analysis of the generated
gas at each annealing temperature when the LiMnPO4
specimen from Preparative Example 3 (solid phase cal-
cination) was coated with carbon using a planetary ball
mill under the instant conditions and then annealed in an
inert gas. It may be understood from this diagram that
very suitable annealing temperature conditions, at which
the added carbon takes up oxygen from the surface of
the positive electrode specimen and begins to be vola-
tilized as carbon dioxide (molecular weight = 44), are 250
to 500˚C and above. In addition, TEM photographs are
shown in Figs. 10a and 10b for the LiMnPO4 specimen
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from Preparative Example 3 (solid phase calcination) be-
fore and after, respectively, an argon annealing treat-
ment for 1 hour at 500˚C, which were the optimal anneal-
ing conditions obtained in this case.
[0064] The resulting heat-treated specimen was
weighed out with polytetrafluoroethylene (PTFE) as bind-
er so as to obtain a weight ratio of 95:5; this was mixed
and kneaded and molded into a 0.7 mm-thick sheet; and
a positive electrode pellet was made by punching this
into a diameter of 10 mmφ. A molar ratio Li:Mn:P = 1:1:
1 was confirmed by ICP measurement (measurement
carried out using a 7500C from Agilent) for all specimens
within the range of measurement error.

Production Example 2

Coin cell fabrication

[0065] Coin cells were fabricated using the aforemen-
tioned positive electrode pellets produced from the pow-
der specimens of Preparative Examples 1 to 10. Lithium
foil with a diameter of 1.5 mm and a thickness of 0.15
mm was used as the counterelectrode to the positive
electrode pellet. Porous polyethylene sheet with a diam-
eter of 22 mm and a thickness of 0.02 mm was used as
the separator. The nonaqueous electrolyte solution was
used that was prepared by dissolving LiPF6 to a concen-
tration of approximately 1 mol/liter in a mixed solvent of
ethylene carbonate (EC) and dimethyl carbonate (DMC)
mixed at a 1:1 volumetric ratio. These constituent ele-
ments were mounted in a stainless steel positive elec-
trode container and negative electrode lid and sealed
with a gasket to fabricate the coin-shaped cell shown in
Fig. 11 (thickness = 2 mm, diameter = 32 mm, 2032 con-
figuration) to be used for measurement purposes. The
battery assembly sequence was carried out in a dry box
that had a dew point no greater than -90˚C and that was
equipped with an argon purifier.

Example 1

Measurement of battery characteristics:

[0066] A charge-discharge profile is shown in Fig. 12
for 2.0 to 4.5 V CCCV (charging termination in constant
voltage mode at 0.01 mA/cm2) voltage regulation and a
0.1 mA/cm2 charge-discharge rate, for a coin cell fabri-
cated by the method of Production Example 2 from the
positive electrode pellet produced by the method of Pro-
duction Example 1 from LiMnPO4 (heat treated at 350˚C)
of Preparative Example 1. The initial discharge profile is
shown in Fig. 13 at the individual discharge current den-
sities for different discharge current densities in the range
from 0.1 to 5.0 mA/cm2. In the figure, the discharge profile
is shown for 0.1, 0.2, 0.5, 1.0, 2.0, 3.0, 4.0, and 5.0
mA/cm2 in sequence from the right. These results are
arranged in Fig. 14 as the rate characteristic. A charge-
discharge profile is also shown for this coin cell in Fig.

15 for 2.0 to 4.5 V CCCV (charging termination in con-
stant voltage mode at 0.01 mA/cm2) voltage regulation
and a 0.1 mA/cm2 charge-discharge rate. In this figure,
∆ shows the overall charge capacity;s shows the charge
capacity in CC constant current mode; m shows the
charge capacity in CV constant voltage mode; and A
shows the discharge capacity. The charge capacity in
CV constant voltage mode (shown by e) gradually de-
clines as cycling progresses, which suggests an im-
proved electroconductivity for the positive electrode.

Comparative Example 1

[0067] A positive electrode pellet was produced as in
Production Example 1, but in this case without carrying
out the heat treatment for 1 hour at 500˚C in an argon
atmosphere after the acetylene black had been mixed
with the LiMnPO4 (heat treated at 350˚C) of Preparative
Example 1.
[0068] A charge-discharge profile is shown in Fig. 16
for 2.0 to 4.8 V voltage regulation and a 0.1 mA/cm2

charge-discharge rate for a positive electrode, prepared
as in Production Example 2 using the aforementioned
comparison positive electrode pellet, of LiMnPO4 ob-
tained by a planetary ball mill wet-type low-temperature
synthesis with heat treatment at 350˚C.
[0069] A comparison of the results of Example 1 and
Fig. 12 with the results of Comparative Example 1 and
Fig. 16 shows that, for LiMnPO4 heat treated at the same
350˚C and dry-mixed in a planetary ball mill with the same
amount of acetylene black, a substantial difference oc-
curs in the positive electrode utilization rate and dis-
charge rate characteristic depending on whether the en-
suing heat treatment for 1 hour at 500˚C in an argon
atmosphere was carried out prior to positive electrode
pellet production.

Example 2a

Measurement of battery characteristics:

[0070] A charge-discharge profile is shown in Fig. 17
for 2.0 to 4.5 V CCCV (charging termination in constant
voltage mode at 0.01 mA/cm2) voltage regulation and a
0.1 mA/cm2 charge-discharge rate, for a coin cell fabri-
cated by the method of Production Example 2 from the
positive electrode pellet produced by the method of Pro-
duction Example 1 from the LiMnPO4 (synthesized by
solid phase calcination) of Preparative Example 3. The
initial discharge profile is shown in Fig. 18 for different
discharge current densities in the range from 0.1 to 5.0
mA/cm2. In the figure, the discharge profile is shown for
0.1, 0.2, 0.5, 1.0, 2.0, 3.0, 4.0, and 5.0 mA/cm2 in se-
quence from the right.

Example 2b

[0071] A positive electrode pellet was produced as in
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Example 2a, but in this case by carrying out a heat treat-
ment in nitrogen gas for 1 hour at 500˚C, rather than in
argon for 1 hour at 500˚C, after the acetylene black had
been mixed with the LiMnPO4 (synthesized by solid
phase calcination) of Preparative Example 3.
[0072] A charge-discharge profile is shown in Fig. 19
for 2.0 to 4.5 V CCCV (charging termination in constant
voltage mode at 0.01 mA/cm2) voltage regulation and a
0.1 mA/cm2 charge-discharge rate, for a coin cell fabri-
cated as in Example 2a using this comparison positive
electrode pellet.

Comparative Example 2

[0073] A positive electrode pellet was produced as in
Example 2a, but in this case without carrying out the heat
treatment for 1 hour at 500˚C in an argon atmosphere
after the acetylene black had been mixed with the
LiMnPO4 (synthesized by solid phase calcination) of Pre-
parative Example 3.
[0074] A charge-discharge profile is shown in Fig. 20
for 2.0 to 4.8 V voltage regulation and a 0.1 mA/cm2

charge-discharge rate, for a coin cell fabricated as in Ex-
ample 2a using this comparison positive electrode pellet.
A comparison of Figs. 17, 19, and 20 shows that an argon
anneal or a nitrogen gas anneal also provides a substan-
tial improvement in the electroconductivity of the positive
electrode for the case of LiMnPO4 synthesized by solid
phase calcination. It may be understood from the com-
parison of Example 2a with Example 2b shown in Fig.
21 that, among inert gases, an argon atmosphere is a
better annealing atmosphere than a nitrogen atmos-
phere.

Example 3

Measurement of battery characteristics:

[0075] A charge-discharge profile at 25˚C is shown in
Fig. 22 for 2.0 to 4.5 V CV voltage regulation and a 0.1
mA/cm2 charge-discharge rate, for a coin cell fabricated
by the method of Production Example 2 from the positive
electrode pellet produced by the method of Production
Example 1 from the LiMnPO4 (synthesized by melting +
slow cooling) of Preparative Example 4.

Comparative Example 3

[0076] A positive electrode pellet was produced as in
Example 3, but in this case without carrying out the heat
treatment for 1 hour at 500˚C in an argon atmosphere
after the acetylene black had been mixed with the
LiMnPO4 (synthesized by melting + slow cooling) of Pre-
parative Example 4.
[0077] A charge-discharge profile at 25˚C is shown in
Fig. 23 for 2.0 to 4.5 V voltage regulation and a 0.1
mA/cm2 charge-discharge rate, for a coin cell fabricated
as in Example 3 using this comparison positive electrode

pellet.
[0078] A comparison of Figs. 22 and 23 shows that the
argon anneal also provides a substantial improvement
in the electroconductivity of the positive electrode for the
case of LiMnPO4 synthesized by melting + slow cooling.

Example 4

Measurement of battery characteristics:

[0079] A charge-discharge profile at 60˚C is shown in
Fig. 24 for 2.0 to 4.5 V CV voltage regulation and a 0.1
mA/cm2 charge-discharge rate, for a coin cell fabricated
by the method of Production Example 2 using the positive
electrode pellet produced by the method of Production
Example 1 from the LiMnPO4 (synthesized by melting +
slow cooling) of Preparative Example 4.

Comparative Example 4

[0080] A positive electrode pellet was produced as in
Example 4, but in this case without carrying out the heat
treatment for 1 hour at 500˚C in an argon atmosphere
after the acetylene black had been mixed with the
LiMnPO4 (synthesized by melting + slow cooling) of Pre-
parative Example 4.
[0081] A charge-discharge profile at 60˚C is shown in
Fig. 25 for 2.0 to 4.5 V voltage regulation and a 0.1
mA/cm2 charge-discharge rate, for a coin cell fabricated
as in Example 4 using this comparison positive electrode
pellet.
[0082] A comparison of Figs. 24 and 25 shows that the
argon anneal also provides a substantial improvement
in the electroconductivity of the positive electrode even
in a high-temperature cycle at 60˚C for the case of
LiMnPO4 synthesized by melting + slow cooling.

Example 5

Measurement of battery characteristics:

[0083] A charge-discharge profile at 25˚C is shown in
Fig. 26 for 2.5 to 5.0 V CV voltage regulation and a 0.1
mA/cm2 charge-discharge rate, for a coin cell fabricated
by the method of Production Example 2 using the positive
electrode pellet produced by the method of Production
Example 1 from the LiMn0.5Fe0.5PO4 (synthesized by
melting + slow cooling) of Preparative Example 5.

Comparative Example 5

[0084] A positive electrode pellet was produced as in
Example 5, but in this case without carrying out the heat
treatment for 1 hour at 500˚C in an argon atmosphere
after the acetylene black had been mixed with the
LiMn0.5Fe0.5PO4 (synthesized by melting + slow cooling)
of Preparative Example 5.
[0085] A charge-discharge profile at 25˚C is shown in
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Fig. 27 for 2.5 to 5.0 V voltage regulation and a 0.1
mA/cm2 charge-discharge rate, for a coin cell fabricated
as in Example 5 using this comparison positive electrode
pellet.
A comparison of Figs. 26 and 27 shows that the argon
anneal also provides a substantial improvement in the
electroconductivity of the positive electrode for the case
of a solid solution such as LiMn0.5Fe0.5PO4.

Comparative Example 6

Measurement of battery characteristics:

[0086] A charge-discharge profile at 25˚C is shown in
Fig. 28 for 2.0 to 4.5 V CV voltage regulation and a 0.2
mA/cm2 charge-discharge rate, for a coin cell fabricated
by the method of Production Example 2 using the positive
electrode pellet produced by the method of Production
Example 1 from the LiFePO4 (synthesized by solid phase
calcination) of Preparative Example 6.

Comparative Example 7

[0087] A positive electrode pellet was produced as in
Comparative Example 6, but in this case without carrying
out the heat treatment for 1 hour at 500˚C in an argon
atmosphere after the acetylene black had been mixed
with the LiFePO4 (synthesized by solid phase calcina-
tion) of Preparative Example 6.
[0088] A charge-discharge profile at 25˚C is shown in
Fig. 29 for 2.0 to 4.5 V CV voltage regulation and a 0.2
mA/cm2 charge-discharge rate, for a coin cell fabricated
as in Comparative Example 6 using this comparison pos-
itive electrode pellet.
[0089] A comparison of Figs. 28 and 29 shows that
almost no effect from the argon anneal is seen for an
LiFePO4 positive electrode that lacks an LiMnPO4 solid
solution component.

Example 6

Measurement of battery characteristics:

[0090] A charge-discharge profile at 25˚C is shown by
the solid line in Fig. 31 for 2.0 to 4.5 V CV voltage regu-
lation and a 0.1 mA/cm2 charge-discharge rate, for a coin
cell fabricated by the method of Production Example 2
using the positive electrode pellet produced by the meth-
od of Production Example 1 from the
LiMn0.6Fe0.2Ti0.2PO4 (synthesized by coprecipitation) of
Preparative Example 7.

Comparative Example 8

[0091] A positive electrode pellet was produced as in
Example 6, but in this case without carrying out the heat
treatment for 1 hour at 500˚C in an argon atmosphere
after the acetylene black had been mixed with the

LiMn0.6Fe0.2Ti0.2PO4 (synthesized by coprecipitation) of
Preparative Example 7.
[0092] A charge-discharge profile at 25˚C is shown by
the dashed line in Fig. 31 for 2.0 to 4.5 V voltage regu-
lation and a 0.1 mA/cm2 charge-discharge rate, for a coin
cell fabricated as in Example 6 using this comparison
positive electrode pellet.
[0093] As may be understood from the results in Fig.
31, the argon anneal also provides a substantial improve-
ment in the electroconductivity of the positive electrode
in the case of the LiMn0.6Fe0.2Ti0.2PO4 powder specimen
prepared by doping with Fe and Ti by coprecipitation.

Example 7

Measurement of battery characteristics:

[0094] A charge-discharge profile is shown by the solid
line in Fig. 32 for 2.0 to 4.5 V CV voltage regulation and
a 0.1 mA/cm2 charge-discharge rate, for a coin cell fab-
ricated by the method of Production Example 2 using the
positive electrode pellet produced by the method of Pro-
duction Example 1 from the LiMn0.6Fe0.2Ti0.2PO4 pow-
der specimen (prepared by processing for 12 hours with
a planetary ball mill) of Preparative Example 8.

Comparative Example 9

[0095] A positive electrode pellet was produced as in
Example 7, but in this case without carrying out the heat
treatment for 1 hour at 500˚C in an argon atmosphere
after the acetylene black had been mixed with the
LiMn0.6Fe0.2Ti0.2PO4 powder specimen (prepared by
processing for 12 hours with a planetary ball mill) of Pre-
parative Example 8.
[0096] A charge-discharge profile is shown by the
dashed line in Fig. 32 for 2.0 to 4.5 V voltage regulation
and a 0.1 mA/cm2 charge-discharge rate, for a coin cell
fabricated as in Example 7 using this comparison positive
electrode pellet.
[0097] As may be understood from the results in Fig.
32, the argon anneal also provides a substantial improve-
ment in the electroconductivity of the positive electrode
in the case of the LiMn0.6Fe0.2Ti0.2PO4 powder specimen
prepared by doping with Fe and Ti with processing for
12 hours with a planetary ball mill.

Example 8

Measurement of battery characteristics:

[0098] A charge-discharge profile is shown by the solid
line in Fig. 33 for 2.0 to 4.5 V CV voltage regulation and
a 0.1 mA/cm2 charge-discharge rate, for a coin cell fab-
ricated by the method of Production Example 2 using the
positive electrode pellet produced by the method of Pro-
duction Example 1 from the LiMn0.6Co0.2Ti0.2PO4 pow-
der specimen (prepared by processing for 12 hours with
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a planetary ball mill) of Preparative Example 9.

Comparative Example 10

[0099] A positive electrode pellet was produced as in
Example 8, but in this case without carrying out the heat
treatment for 1 hour at 500˚C in an argon atmosphere
after the acetylene black had been mixed with the
LiMn0.6Co0.2Ti0.2PO4 powder specimen (prepared by
processing for 12 hours with a planetary ball mill) of Pre-
parative Example 9.
[0100] A charge-discharge profile is shown by the
dashed line in Fig. 33 for 2.0 to 4.5 V voltage regulation
and a 0.1 mA/cm2 charge-discharge rate, for a coin cell
fabricated as in Example 8 using this comparison positive
electrode pellet.
[0101] As may be understood from the results in Fig.
33, the argon anneal also provides a substantial improve-
ment in the electroconductivity of the positive electrode
in the case of the LiMn0.6Co0.2Ti0.2PO4 powder speci-
men prepared by doping with Co and Ti with processing
for 12 hours with a planetary ball mill.

Example 9

Measurement of battery characteristics:

[0102] A charge-discharge profile is shown by the solid
line in Fig. 34 for 2.0 to 4.5 V CV voltage regulation and
a 0.1 mA/cm2 charge-discharge rate, for a coin cell fab-
ricated by the method of Production Example 2 using the
positive electrode pellet produced by the method of Pro-
duction Example 1 from the LiMn0.8Fe0.1Ti0.1PO4 pow-
der specimen (prepared by processing for 12 hours with
a planetary ball mill) of Preparative Example 10.

Comparative Example 11

[0103] A positive electrode pellet was produced as in
Example 9, but in this case without carrying out the heat
treatment for 1 hour at 500˚C in an argon atmosphere
after the acetylene black had been mixed with the
LiMn0.8Fe0.1Ti0.1PO4 powder specimen (prepared by
processing for 12 hours with a planetary ball mill) of Pre-
parative Example 10.
[0104] A charge-discharge profile is shown by the
dashed line in Fig. 34 for 2.0 to 4.5 V voltage regulation
and a 0.1 mA/cm2 charge-discharge rate, for a coin cell
fabricated as in Example 9 using this comparison positive
electrode pellet.
[0105] As may be understood from the results in Fig.
34, the argon anneal also provides a substantial improve-
ment in the electroconductivity of the positive electrode
in the case of the LiMn0.8Fe0.1Ti0.1PO4 powder specimen
prepared by doping with Fe and Ti with processing for
12 hours with a planetary ball mill.

INDUSTRIAL APPLICABILITY

[0106] Nonaqueous electrolyte batteries that utilize
the positive electrode active material of the present in-
vention can be exemplified by lithium secondary batteries
such as lithium metal batteries, lithium ion batteries, lith-
ium polymer batteries, and so forth. These secondary
batteries are useful as rechargeable power sources in
particular for electric cars and the like.

Claims

1. A method of producing a positive electrode active
material, the method comprising a step of mixing a
carbon source with lithium manganese phosphate
LiMnPO4 or a compound LiMn1-xMxPO4 (where, 0 ≤
x < 1 and M is at least one metal element selected
from the group consisting of Co, Ni, Fe, Zn, Cu, Ti,
Sn, Zr, V, and Al) containing lithium manganese
phosphate LiMnPO4 as a solid solution composition,
and heat treating the obtained mixture under an inert
gas atmosphere.

2. The production method according to claim 1, where-
in the carbon source comprises at least one of car-
bon particles and a carbon precursor.

3. The production method according to claim 2, where-
in the carbon particles are acetylene black.

4. A nonaqueous electrolyte battery having a positive
electrode comprising positive electrode active ma-
terial produced by a method according to any of
claims 1 to 3.
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